Introduction
Introduction of fluorine atom(s) into nucleosides dramatically changes their electronic and steric properties,giving them a wide range of biological activity. [1] [2] [3] Prominent examples of C2' fluorinated nucleosideswith potent biological activities include anticancer drugs gemcitabine, [4] [5] [6] and clofarabine; 7, 8 and hepatitis C virus drug sofosbuvir. 9, 10 In the last 40 years, numerous methods for the incorporation of fluorine atoms into organic molecules have been developed, as summarized in excellent reviews. [11] [12] [13] [14] [15] [16] Despite these developments, construction of the tertiary fluorinated stereocenter at the sugar C2' (e.g. sofosbuvir) has been still challenging. 17 Oxidative desulfurization-(di)fluorination is an important fluorination protocol for the preparation of fluoro organic compounds. 16, 18 Various reagents or reagent-combinations developed for this approachare known and are based mostly on the combination of an oxidant [e.g., N-halosuccinimides (NBS, NIS) or 27 In addition to these chemical approaches, direct and indirect (with the use of a redox mediator) electrochemical approaches have been developed for some oxidative desulfurization-(di)fluorination reactions, using different sources of fluorinating reagents, either in organic solvents or in Ionic Liquids (ILs). [28] [29] [30] [31] Although, chemical and electrochemical-induced reductive desulfonylation reactions have been known for years, [32] [33] [34] [35] [36] [37] [38] [39] [40] in nucleoside series they have been limitedto reductive dehalogenation or desulfonylation protocols en route to 2',3'-dideoxy-2',3'-didehydro nucleosides. [41] [42] [43] [44] [45] [46] [47] Reductive desulfonylation/functionalization (including (di)fluorination)strategiesin nucleosidesare to the best of our knowledge, unknown processes.Our goal was to investigate alternative methodologies for the modification of nucleosides at C2' position utilizing 2'-S-aryl-2'-thionucleosides as convenient substrates to access well-known fluoro nucleosides (e.g., gemcitabine or PSI 6130, a core of Sofosbuvir).Herein we report studies on the reactivity of 2'-S-aryl-2'-thiouridine substrates (type I, Figure 1 )with respect to oxidation processes and 2'-arylsulfonyl-2'-deoxyuridine (type II) with respect to reductive processes. The 
Results and Discussion
Because of the lack of examples for desulfurization-difluorination reactions of aryl-alkyl thioethers with the arylthio group attached to a secondary internal carbon atom, we initially performed model studies with α-arylthio substituted esters (e.g.,2; Scheme 1)that mimic the 2'-postion of the ribosein the nucleoside targets (e.g., I, X = H). Using the methodology developed by Haufe et al. 20, 21 we found that treatment of ethyl 2-(phenylthio)octanoate 2 with DBH (3 eq.) and Olah's reagent (Py.9HF, 6 eq.) in CH 2 Cl 2 at 35°C for 2 h, showed 90% conversion to 2,2-difluorooctanoate 5b ( 1 H NMR, 19 F NMR; Scheme 1). The para-chlorophenylthio substituted ester 3 provided 2,2-difluorohexanoate 5a in almost quantitative yield in only 1 h, whereas para-methoxyphenylthio ester 4 required 16 h to show 70% conversion to 5a. 48 These results illustrated that 4-chlorophenyl thioethers were better substrates for these difluorination reactions than corresponding phenyl and 4-methoxyphenyl thioethers, as noted also by Haufe, et al.for the primary alkyl-aryl thioethers. 21 The EDGs on the phenyl ring are believed to stabilize the cationic charge on the resonance-stabilized carbenium-sulfonium ion intermediate and thus promote the first fluorination step; whereas EWGs are assumed to ease the elimination of arylsulfenyl bromide in the last step and therefore promote the critical second fluorination step. 21 The DBH was proven to be more effective than other halogen oxidants (NBS, NIS) in these reactions. source, temperature, reaction time) did not change the outcome. 48 Interestingly, treatment of the 4-methoxyphenyl thioether6 with NIS (2.1 eq.)/Py.9HF (3 eq.) gave the corresponding 5-iodo7 (29%) and the α-fluorothioether8 (12%) products (Scheme 2).Analogous treatment of sulfide 6with NIS/DAST combination 53, 54 producedthe mono-α-fluorothioether8 in 44% isolated yield without 5-halogenation. In contrast, treatment of 6 with DBH (3 eq.)/Py.9HF (6 eq.) generated a complex reaction mixture.These results reiterate the mechanistic assumption that ring activating groups (e.g., OMe) on the aryl ring promote the first fluorination step.
Conditions A: NIS (2.1 eq), Py.9HF (3 eq); Conditions B: NIS (2.1 eq), DAST (6 eq).
Scheme 2.Attempted fluorination of 2'-S-(4-methoxyphenyl)-2'-thiouridine analogue 6
Moreover, treatment of α-fluorothioether8 with DBH/Py.9HF at -78 o C effected selective bromination of the uracil ring at the C5 position 52 yielding the corresponding 5-bromoderivative 9 as a major product (50%), however with no indication of the geminaldifluoro product formation (Scheme 3). Interestingly, the α-fluorothioether moiety in 9remained intact under these oxidative conditions. It was previously noted that oxidation of α-fluorothioethers to the α-fluoro sulfoxides with m-CPBA required higher temperature and longer reaction time than conversion of the unfluorinatedthioethers to the corresponding sulfoxides. Since the oxidative desulfurization-fluorination approaches were not efficient protocolsfor the utilization of 2'-arylthiouridine derivatives as substrates for the modification of the C2'-position, we turned our attention to the development of a reductivedesulfonylation approach. This strategy is consisted withthe generation of an intermediary carbanion at the C2'-position of uridine derivatives which could be subsequently coupled to an electrophile (e.g., II; Figure 1 ). We assumed that such anion could be obtained through cleavage of the C2'-S bond in 2'-arylsulfonyl-2'-deoxyuridine substrates. Moreover, such sulfones derivatives could be conveniently synthesized by simple oxidation of the arylthiouridine substrates used for the oxidative approach. 50, 51 Reductive removal of sulfones is usually mediated by highly aggressive metal-containing reducing agents, typically alkali metals, not always compatible with the nucleoside chemistry, as they can cause side reactions on the diverse functional groups present in the molecule. 33 Instead, we opted for the use of recently reported organic electron donors (OEDs) [55] [56] [57] that can selectively cleave C-SO 2 bonds by stepwise transfer of two electrons under mild reaction conditions. 35, 58 The bispyridinylideneSEDhas a redox potential of E 1/2 (DMF)= -1.24 Vvs SCE( Figure   2 )andefficiently reduces sulfones via the formation ofanion intermediates. 58 Its high tolerance to other functional groups, such as ketones, made it particularly suitable for our 2'-deoxyuridine substrates. Cyclic voltammetry analysis showed that sulfone derivative 10could be reduced in two irreversible reduction steps at potentials of -2.42and -2.64 V vsSCE ( Figure S1 , Table S1 , Supporting assumed that TDAE initially acted as a base inducing elimination of AcOH by abstracting H2' to produce
13(Scheme 5).
Judging from the first reduction potential of 13 (E pc1 = -2.11 Vvs SCE; Table S1 , FigureS3), further reduction of 13 by TDAEto produce 11 would also be rather difficult. One can think that TDAE is only acting as a base and that 13 suffers from base-induced reactions leading in turn to 14 and 11 (base-induced pathway, Scheme 5).The hypothesis of a basic behavior was supported by the fact that reaction of 10 with 4-dimethylaminopyridine (DMAP) led to the quantitative formation of 11.On the other hand, in the case of SED, a mixed base-/electron transfer-inducedmechanism could occur and rapidly lead to11. We assumed that under more forced reducing conditions, 60 13could be reduced in parallel to the base-induced reactions (ET-induced pathway, Scheme 5). Hence, 13 could be reduced by single-electron transfer (SET) leading to glycosidic bond cleavage, followed by trapping of the formed radical by the radical cation of the electron donor (SED
•+
). 63 A last base-induced reaction would give 11
and regenerate the SED.
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Scheme 5. Proposed "base-versus electron transfer-induced" mechanism for the reaction of 10 with OEDs.
Since the acetyl protection in 10was base labile in the presence of OEDs, and prone to elimination from the intermediate C2'-carbanion, we also studiedbenzylated sulfone substrates. However, treatment of the fully benzylated2'-[(4-methoxyphenyl)sulfonyl]uridine 15 51 (E pc1 = -2.42 V vs SCE; Figure S1 , Table   S1 ) with a stoichiometric amount ofSED resulted in a similar rapid glycosidic bond cleavage producing Figure S4 , Table S1 ) with the SED reagent at room temperature gave the mono 3'-deacetylated product 20 (45% conversion) along with unchanged starting material but no further degradation or glycosidic bond cleavage were observed (Scheme 7). 64 The reduction of the sulfonyl moiety was not observed at this temperature.However, known fluorovinyl compound21 65 was obtained in 46% yield when 19was treated with 3 eq. of SEDat 120 o C. This result indicated that reductive cleavage of the sulfone took place with excess SED at high temperature. Controlled-potential electrolysis of 19 in DMF at -1.90 V vs SCE, a potential more positive to the first potential peak measured by cyclic voltammetry (see Table S1 ), gave, after the consumption of 2.0 F/mole of substrate (1 h, r.t), a main fraction that contained 21 and 19 as an inseparable mixture (ratio ~ 8:2), with estimated yield of 21 close to 45%(Scheme 7). Noteworthy to mention that 2'-deoxy-2'-fluoridine 22,the diacetylated23and uracil 12
(albeit in low amount) were also detected in the crude reaction mixture.These results were in line with the profile of products obtained with anexcess of the SED reagent at 120°C/3h, however it offered an alternative milder approach to prepare 21 by a reductive approach. The results with SED or the electrochemical activation provided evidence that the C2' anion was indeed generated through C2'-S bond cleavage. It is important to note that replacement of SED with other reducing agents such as samarium iodide did not affect the reduction of the sulfonyl moiety.
Scheme 7.
Reactivity studies of acetyl protected α-fluorosulfone19 with OED and under electrochemical activation.
To avoid the elimination of the acetate anion from C3' position, the benzyl protected 2'-α-fluorosulfone derivative 24was employed to study the reduction of the sulfone moiety with SED.
However, treatment of 24with SED under analogous conditions (3 equiv.; DMF, 120 o C, 3 h) produced a complex reaction mixture (Scheme 8), from which two major products were isolated: furan Controlled-potential electrolysis of 24 in DMF at -2.20 V vs SCE, a potential slightly less positive to the first peak potential measured by cyclic voltammetry (see Table S1 ), gave, after the consumption of 2.1 F/mole of substrate (1 h, r.t), 17 in 74% isolated yield and an inseparable mixture 
Experimental Section
Reagent grade chemicals were used and solvents were dried by reflux and distillation from CaH 2 under N 2 unless otherwise specified, and an atmosphere of N 2 was used for reactions. The MBraun glovebox used for some reactions contained dry argon and less than 1 ppm oxygen and water. Analogous treatment of 6 (128 mg, 0.2 mmol) with NIS (95 mg, 0.42 mmol) and DAST (160 μL, 1.2 mmol) followed by aqueous workup (sat. Na 2 S 2 O 3 , sat. NaHCO 3 , brine, MgSO 4 ) and column chromatography gave 8 51 (2'-R/S-S, ~ 1:1; 58 mg, 44%) as a pale-yellow oil.
3-N-benzyl-3',5'-di-O-benzyl-5-iodo-2'-S-(4-methoxyphenyl)-2'-thiouridine(7)and3-N-benzyl-3',5'-di-O-benzyl-2'-fluoro-2'-S-(4-methoxyphenyl)-2'-thiouridine(8).NIS

3-N-benzyl-3',5'-di-O-benzyl-5-bromo-2'-fluoro-2'-S-(4-methoxyphenyl)-2'-thiouridine(9).
Py.9HF (62 μL, 0. Acidification of the aqueous phase (pH ~5-6) followed by extraction (2 x CH 2 Cl 2 )gave a white solid.
1 H NMR (MeOD) of the white solid revealed the presence of uracil 12along with other impurities. Column chromatography (5% MeOH in CHCl 3 ) gave a fraction (50 mg) that containedan inseparable mixture of 24and26 and (ratio ~ 2.5:1) with estimated yields of 24 (43%) and 26 (18%)from 1 H-and 19 F-
3,5-di-O-
